Susceptibility to T lymphomas in mice is determined by a number of viral and host genetic factors. We analyzed the types and latent period of lymphomas spontaneously occurring in crosses between AKR/Ms, a T lymphoma-prone mouse strain, and SL/Kh, a pre-B lymphoma-prone strain. The incidence of T lymphomas in the F1 hybrids backcross to SL/Kh as well as F2 
T
he tremendous recent increase in genetic markers has remarkably accelerated the search for genes involved in multifactorial diseases (1, 2) . Considering extensive syntenic conservation of chromosomal segments across species, it becomes realistic to analyze animal disease models genetically to understand human diseases. Spontaneous thymic lymphomagenesis in mice is a multistep event involving complicated interactions between endogenous retroviruses and many host genes. This type of tumor occurs spontaneously in several laboratory strains of mice, most typically in AKR mice, and are readily induced by virus, chemical carcinogens, hormonal treatment, and X-rays. In this study, we asked the genetic basis of determination of types of spontaneous tumors to T lymphomas in mouse models.
AKR/Ms mice are highly susceptible to spontaneous T lymphomas; 80-90% of the individuals of this inbred strain succumb to this disease by 7-12 mo of age. Rowe et al. (3) found that endogenous ecotropic proviral loci, and , are etiologically essential. AKR endogenous ecotropic viruses, however, are only weakly lymphomagenie by themselves and the type of lymphoma seems not to be determined by virus alone, because Emv-ll or -12 congenie NIH-Swiss strain mice develop follicular center cell lymphomas (mature B lineage lymphoma) rather than T lymphomas (4) . Thymotropic and leukemogenic virus in AKR is not encoded in germline: it is generated by successive recombinational events among three endogenous parental viruses (5, 6) . First, an endogenous ecotropic virus, for example Emv-11, -12, or -14, acquires an env segment from a nonecotropic parent, and thus obtains a broader host range. Subsequently, this virus acquires an U3 long terminal repeat segment from xenotropic parent Bxv-I on chromosome 1 (Chr) 1, generating thymotropic and lymphomagenic mink cell focusforming (MCF) virus. Somatic integration of the MCF virus in several hot spots in host chromosome (7) is the most plausible explanation for T lymphocyte transformation. Resistance to this virus is conferred by a gene Rmcf (8) , which is a truncated MCF-like env sequence, and probably competes for the viral receptor on the host cell surface (9) .
On the other hand, the SL/Kh strain established in our laboratory as a subline of SL mice features an extremely early and high rate of spontaneous pre-B lymphomas, e.g., at almost 100% by 6 mo of age (10, 11) . Out of six endogenous ecotropic proviral loci in SL/Kh, two are expressed, one of which seems to be identical to Emv-ll (12) . Expression of either of them is essential for lymphomagenesis. Despite high expression of both eco-and xenotropic viruses, however, MCF We analyzed the apparently dominant determinants of T lymphomas in backcross and F2 generation and found an AKRderived dominant gene on Chr 7 was the major determinant. The same genes seems to play the major role in several mufine T lymphoma models including AKXD recombinant inbred (RI) strains.
Materials and Methods
Mice. SL/Kh was an inbred strain of mice established in this laboratory (10 Type of Lymphomas. The surface phenotype oflymphomas was analyzed by flow cytometry as described previously (11, 13) . SL/Kh and AKR/Ms shared Thyl.1, a T cell differentiation antigen (10) . The most reliable marker for T lymphomas was the expression of Thyl.1 and those for B lymphomas were B220, BP-1, and surface immunoglobulin expression.
Microsatellite Analysis. All primers for microsatellite analysis were purchased from Research Genetics (Huntsville, AL). DNA extracted from kidneys was used for genetic analysis. PCR and agarose gel electrophoresis of PCR products were described previously (12) .
Statistical Analysis. B lymphoma-bearing mice. Associations were considered significant when X ~ values exceeded 11.7 (a value significant to a 95% probability of linkage in mouse backcross). Gene order was determined by minimizing the number of recombination events among the allele distribution patterns of markers across the chromosome using GENE-LINK (15) and MAPMAKER (16) . Three-point linkage analysis was performed in order to determine the most likely position of thymic lymphoma susceptible mouse-1 (Tlsm-l) in backcross study as described in (17) .
Results

Spontaneous Lymphomas in Crosses between AKR/Ms and SL/K'h.
In this study, we defined T lymphomas as those tumors expressing either Thyl.1, CD3, CD4, or CDS, and the B lymphomas as those having either cell surface immunoglobulin (slg), B220, or BP-1 antigen. As shown in Table  1 Table 1) .
Microsatellite Analysis of Lymlshoma Bearing Backcross
Mice. To identify and map Tlsm-1, we studied microsatellite markers in genomic DNA from 31 T lymphoma-bearing backcross mice and 28 B lymphomas. Any tumors without surface phenotype data or of mixed lineage origin were excluded from this mapping study. Out of some 250 microsatellite markers examined, 45 were polymorphic between AKR/Ms and SL/Kh. For screening, two to three markers were selected for each chromosome that covered ,,056% of the total chromosomal region. As seen in Table 2 and Fig.  1 , significant linkage disequilibrium (LD) was observed at 4 loci on Chr 7 (DTMIT32, DTMIT40, D7MIT8, and D7MITI3). In particular, at DTMIT8 (map position 54), there was only one disconcordance among 31 T lymphoma-bearing backcross mice. Three-point analysis with D7MIT32, DTMITS, and DTMIT13 indicated that Tlsm-1 is localized between D7MIT8 and DTMIT13, maximum lod score at 7 cM distal on D7MIT8, e.g., 61 cM from centromere. The chromosomal region of one lod unit lower (1:10 likelihood) spanned from map position 57 to 64 (Fig. 2) .
It was reported that a locus at centromere of Chr 3 had weak linkage with frequency of MCF-virus positive lymphomas in AKXD RI strains (19) . In the present backcross, two loci on Chr 3, D3MIT46 and D3MIT21, showed weak LD, however, statistically they were not significant ~v = 0.0015 and 0.025 respectively), when one took p = 0.0006 as a limit of significance.
Effect of MHC-linked Loci on Types of Lymphomas and Latent
Period. Our previous study showed that genetic predisposition to acute pre-B lymphomas in SL/Kh is associated with a dominant MHC-linked locus (12) . In (AKR x SL/Kh)F1 x SL/Kh, however, no statistically significant LD was observed for lymphoma types at the microsatellite marker D17MIT21 linked to the D end of MHC ( Table 2 ). The 21, 6, 26, 24, 22) except AKXD-12 had the AKR-derived gene, which extended to AKXD-18, 7, and 9. In the AKXD-12 RI strain with moderately high T lymphomas, a recombination was observed between DTMIT71 (map position 62) and D7MIT13 (map position 70). AUelic difference at a locus in this segment seemed strongly associated with the frequency of T lymphomas. It is possible that RI strains with intermediate or lower incidence of T lymphomas (AKXD-18, 7, and 9) have AKR-derived allele at this locus and the lower incidence might be explained by assortment of other resistant genotypes at 1-1-2 and Rmcf, or less frequent acquisition of MCF virus. As shown in Fig. 2 , the map position was in good consensus with that of Tlsm-1 determined in the backcross study. Supposing that the gene responsible for T lymphoma in AKXD and Tlsm-1 are identical, Tlsm-1 is mapped in close vicinity of the D7MIT71. As far as we know, no MCF-related sequence has been reported in this region.
Discussion
The type of spontaneous lymphoma in crosses between AKR/Ms and SL/Kh was demonstrated to be determined principally by the AKR/Ms-derived dominant gene Tlsm-1 at the approximate map position 61 on Chr 7. Analysis of AKXD RI strains provided evidence supporting this conclusion.
A number of determinants of lymphomagenesis have been related to viral genome or its replication. An ecotropic virus, provirus Emv-11, is mapped at the proximal end of Chr 7 (Fig. 2) . Judging from the map position as well as the size of the restriction fragment containing viral genome (12) , SL/Kh mice are most likely to share Emv-ll with AKR/Ms. Moreover, as seen in Table 1 , the linkage to T lymphomas waned as markers were closer to the Chr 7 centromere, which means that Emv-ll was unlikely to be a major determinant in this cross. In this region, as far as we know, no MCF-like sequence has been described. Bxv-1, a xenotropic parent yielding long terminal repeat segment to MCF virus, is mapped on Chr 1 (20) . Rmcf, a resistant gene to MCF virus, is on Chr 5 (8) . Therefore, these genes also seemed irrelevant.
The role of MCF virus in T lymphomagenesis had been studied in detail with RI mouse strains (7, 19, 21) . In these strains, somatic integration of MCF virus favors occurrence of T lymphomas but is apparently not a sole determinant of whether the lymphoma is type T or type B. Alleles at Rmcflocus correlated with the length of the latency period but not with types of lymphomas (19) . Examining 226 polymorphic loci in the AKXD RI strains, Copeland et al. (19) found that allelic differences at Pmv-25 on Chr 4 and Mtv-6 on Chr 16 are associated with frequent development of T lymphomas. However, association of T lymphomas with a host gene on Chr 7 has not been noted. In the present backcross study, we could not detect LD with Chr 4 and 16 markers (Table 2) .
From the map position of Tlsm-1, we can mention genes for IL-4R (22, 23) , LFA-1 (CD11a) (23) (Table 4) . LFA-1 (CD11a) is an integrin oe chain that is expressed as a heterodimer noncovalently associated with CD18 (integrin 32). CD11a/CD18 binds to the NH2-terminal domain of intercellular adhesion molecule 1 (ICAM-1) (CD54) and to ICAM-2, and mediates cell-cell adhesion which is important in a wide range of leukocyte function including T and B cell proliferation. There are discrepancies on relative map position of IL-4R and CDlla genes (18, 23) . Analysis with AKXL and BXC RI strains (23) indicates that CDlla gene is distal to IL-4R gene. CD43 is the major sialoglycoprotein of thymocytes and mature T cells. Its extracellular domain has been shown to interact with ICAM-1 (CD54), and CD43 enhances antigen-specific T cell activation. Based on consistent isolation of ceUular complexes of lymphoma cells and thymic epithelial cells from primary lymphomatous thymuses and stroma-dependent growth of these lymphoma cells, we have proposed a hypothesis that cell interaction between developing lymphoma cells and thymic microenvironments is an essential step in thymic lymphomagenesis (25, 26) . All of these candidate genes may well be involved in cell attachment in such complexes or in signaling to support growth of early T lymphoma cells, and therefore merit for further investigation. Another possible candidate is Sgp2 (27) , a gene encoding the lipopolysaccharide-induced serum glycoprotein, mapped at 71 cM (18) . However, its map position is much distal from the position of Tlsm-I estimated either by backcross or RI strains.
In this particular region, host genes related to T lymphomagenesis have been described in several other experimental models. F344 strain rats develop a high incidence of T lymphomas when they are given the carcinogen propylnitrosourea (28) , whereas most other strains develop erythroleukemias. Analysis of crosses between F344 and LE strain rats revealed that a single dominant gene Tls-I in F344 rats determine susceptibility to T lymphomas. In this cross, T lymphomas are associated with coat color genes albino (c) and pink-eyed di- (36) . In (SL/Kh x NFS/N)F1 x NFS/N (12), we have shown that pre-B lymphomas are determined by a dominant MHClinked gene of SL/Kh. In the backcross to AKR/Ms, pre-B lymphomas were slightly more frequent in homozygotes of SL/Kh allele at a MHC-associated locus than heterozygotes, although not statistically significant. However, the MHClinked recessive gene significantly shortened the length of the latent period irrespective of the type of tumors. Our preliminary data indicate that the SL/Kh has a defect in the class II molecule (Ogawa, M., unpublished observations). The role of defects in immune response to virus or virus-infected cells has been well documented in experimental leukemias (37) .
Until now it had been our belief that the type of spontaneous lymphomas in mice was determined by tissue tropism of murine leukemia virus. In this study, we showed that a host gene plays a major role in determination of types of lymphomas, although the role of virus as an initiating agent is by no means excluded. Supposing that the function of Tlsm-1 is conserved across species, there is good reason to extend the study as an approach to genetic predisposition to T cell dyscrasias in humans.
